Protein biosynthesis on the ribosome requires accurate reading of the genetic code in mRNA. Two conformational rearrangements in the small ribosomal subunit, a closing of the head and body around the incoming tRNA and an RNA helical switch near the mRNA decoding site, have been proposed to select for complementary base-pairing between mRNA codons and tRNA anticodons. We determined x-ray crystal structures of the WT and a hyper-accurate variant of the Escherichia coli ribosome at resolutions of 10 and 9 Å, respectively, revealing that formation of the intact 70S ribosome from its two subunits closes the conformation of the head of the small subunit independent of mRNA decoding. Moreover, no change in the conformation of the switch helix is observed in two steps of tRNA discrimination. These 70S ribosome structures indicate that mRNA decoding is coupled primarily to movement of the small subunit body, consistent with previous proposals, whereas closing of the head and the helical switch may function in other steps of protein synthesis.
S
election of the correct aminoacyl-tRNA (aa-tRNA) during each cycle of polypeptide elongation on the ribosome requires binding of a ternary complex composed of elongation factor (EF)-Tu, aa-tRNA, and GTP to the ribosomal acceptor site (A site) (1, 2) . When the small ribosomal subunit detects complementary base-pairing between the mRNA and cognate aa-tRNA in the A site, the large ribosomal subunit stimulates GTP hydrolysis by EF-Tu, which then releases the aa-tRNA. After accommodation of the aa-tRNA into the A site of the large subunit, peptide bond formation occurs. The initial selection of aa-tRNA and the subsequent proofreading (accommodation) step lead to a 1,000-fold preference for cognate tRNA over near-cognate tRNA in mRNA decoding (1) . Although various components of the ribosome that promote translational fidelity have been identified (1, (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (Fig. 1 a and b) , many of which are conserved throughout evolution (14) , the mechanism of mRNA decoding by the intact ribosome is not well understood.
Structures of the 30S subunit at atomic or near-atomic resolution have shown that the small subunit exists in ''open'' and ''closed'' conformations (10) . In the closed conformation, the head and body of the 30S subunit enclose the A site-bound tRNA anticodon stem loop (Fig. 1a) . This closure occurs only when cognate tRNA is bound to the A site or when the error-inducing antibiotic paromomycin is bound in the decoding site. Based on these structural observations, closure of the small subunit around the A-site tRNA has been proposed to stabilize cognate tRNA binding or drive the forward reactions of tRNA selection (2, 10) . Mutations in protein S12 that lead to a hyper-accurate phenotype such as resistance to or dependence on the errorinducing antibiotic streptomycin (1) should disrupt contacts in the closed form of the small ribosomal subunit and may therefore favor the open conformation of the 30S subunit in the absence of the antibiotic (2, 10) .
A second conformational change thought to modulate mRNA decoding involves a 3-bp helical switch in the small subunit that cycles between ''hyper-accurate'' and ''error-prone'' conformations (15) . Mutations in 16S rRNA that preferentially stabilized one base-pairing configuration (888, or hyper-accurate, Fig. 1c ) were shown to complement error-prone phenotypes such as those conferred by mutations in protein S5 in the small ribosomal subunit. In contrast, 16S rRNA mutations that favored the other base-pairing configuration (885, or error-prone, Fig. 1c ) complemented mutations in protein S12 that result in a hyperaccurate phenotype (1, 15) . Mutations in the ribosome that stabilize one or the other pairing in the switch helix induce large-scale conformational changes in the ribosome (16) . However, mutations in the switch helix in yeast 18S rRNA lead to decoding phenotypes that may be inconsistent with the switching model (17) . Furthermore, no change in the switch helix basepairing has been observed in x-ray crystal structures of the 30S subunit or intact ribosome (8) (9) (10) 18 ).
The switching model predicts that the equilibrium between the two base-pairing conformations would be shifted by mutations in proteins S12 or S5 that lead to hyper-accurate or error-prone phenotypes, respectively (15) . Mutations in protein S12 that confer the extremely hyper-accurate phenotype of streptomycin dependence should stabilize the hyper-accurate base-pairing of the switch helix in the absence of the antibiotic (15) .
We determined x-ray crystal structures of the WT and hyperaccurate forms of the Escherichia coli 70S ribosome at resolutions of 10 and 9 Å, respectively, to test whether two conformational rearrangements in the small ribosomal (30S) subunit that are thought to play a role in tRNA selection (10, 15) occur in the intact ribosome as proposed. These 70S ribosome structures, along with a structure of the Thermus thermophilus ribosome (18) and chemical probing results, indicate that mRNA decoding is coupled primarily to movement of the small subunit body and not to closing of the small subunit head or to an RNA helical switch near the mRNA decoding center.
Materials and Methods
Ribosome Purification. Tight-coupled ribosomes from E. coli strain MRE600 and a strain of MRE600 that contains a mutation in protein S12 that confers streptomycin dependence (G92D) were purified as described (19, 20) , except that 60 mM NH 4 Cl was used in the final sucrose gradient purification on a Beckman SW-28 rotor (20) . Ribosomes from the streptomycin-dependent (smD) strain were extensively dialyzed during purification to remove streptomycin.
Ribosome Crystallization. Ribosomes and ribosome complexes with a short leaderless mRNA (5Ј-pAUGUUCA A AC-GUAAUAAU-3Ј) and deacylated E. coli tRNA fMet (Subriden RNA, Rolling Bay, WA) were crystallized at 4°C by the vapor Abbreviations: aa-tRNA, aminoacyl-tRNA; EF, elongation factor; DMS, dimethyl sulfate; smD, streptomycin-dependent. (21, 22) (Table 1) .
The molecular replacement models consist of atomicresolution structures of the bacterial 30S and 50S ribosomal subunits (8, 23) , tRNA Phe as modeled in the T. thermophilus 70S ribosome structure (18) , and homology modeling of additional components (8, 24, 25) . In the rigid-body refinement of the resulting models, 5% of the measured diffraction amplitudes were set aside as a test set for calculation of R free values (22) . The same 5% were set aside for refinement of the WT and smD ribosome structures. Details of the molecular replacement and refinement will be published elsewhere. Coordinates for the structures have been deposited in the Protein Data Bank.
Calculation of Difference Electron Density Maps. Difference electron density maps comparing the smD to the WT E. coli ribosome structures used experimental amplitudes from both crystal forms (Table 1 ) and filtered phases from the WT structure model (22, 26) and were calculated at a resolution of 9.5 Å. Difference electron density maps comparing the smD ribosome to ribosome models lacking mRNA and tRNA in the P site were calculated at a resolution of 8.7 Å by using observed diffraction amplitudes and calculated amplitudes and phases: (F obs,smD Ϫ F calc,smD,unliganded ) exp i␣,smD,unliganded . Difference electron density maps comparing the ribosome to models refined in the presence (ϩsm) or absence (Ϫsm) of streptomycin (8) were calculated at a resolution of 8.7 Å by using observed diffraction amplitudes and calculated amplitudes and phases: (F obs,smD Ϫ F calc,smD,ϩsm ) exp i␣,smD,ϩsm , and (F obs,smD Ϫ F calc,smD,Ϫsm ) exp i␣,smD,Ϫsm . Models containing or lacking streptomycin were also refined against the WT E. coli ribosome diffraction amplitudes. Calculation of the corresponding difference electron density maps at a resolution of 9.5 Å yielded similar results to those with the smD diffraction amplitudes (data not shown).
Superposition of 30S Subunit Models.
A subset of phosphorus atoms from the different 30S subunit models was chosen based on their limited conformational variability in the open and closed conformations of the 30S subunit structures, as described (10) . These phosphorus atoms, 60 in number in comparisons to the E. coli ribosome and 52 in number in comparisons to the T. thermophilus ribosome, were superimposed by using the program O (27) . The rms deviation in phosphorus positions between 30S models ranged from 0.7 Å (E. coli comparisons) to 1.6 Å (T. thermophilus comparisons). The T. thermophilus ribosome model was built manually (18) and contains some sequence register shifts, which might explain the higher rms deviation in phos- Fig. 2 . In all of the figures, phosphates in the backbone of the spur region were removed, because the spur is involved in significant crystal contacts in the 30S subunit structures (8) . All figures were made by using the programs RIBBONS (28) and PYMOL (29) .
Chemical Probing. Chemical probing and primer extension were carried out essentially as described (4) . WT or smD ribosomes were programmed with mRNA and deacylated tRNA fMet in the P site, and Phe-tRNA Phe was bound to the A site by means of EF-Tu ternary complexes containing GTP or the nonhydrolyzable analogue GMPPNP. The positioning of the A-site tRNA was confirmed by examination of protections from chemical probing (4, 30) . Ribosome complexes were formed at 37°C in 6 mM MgCl 2 , 100 mM NH 4 Cl, and 20 mM Tris, pH 7.5, and chemical probing was carried out at the same temperature. Primers were labeled on the 5Ј end with [
33 P]phosphate.
Results

Structural Comparison of 30S Subunits with 70S Ribosomes.
To test whether smD mutations in the ribosome favor the open form of the small subunit, we examined the conformation of the 30S subunit in three x-ray crystal structures of the 70S bacterial ribosome: a 10-Å resolution structure of the WT E. coli ribosome, a 9-Å resolution structure of a smD form of the E. coli ribosome (Table 1) , and the 5.5-Å resolution structure of the T. thermophilus ribosome (18) . The WT ribosome from E. coli was crystallized in the absence of ligands. Crystals of smD ribosomes were obtained as a ribosome complex with a short mRNA and deacylated tRNA fMet bound to the P site. Crystals stabilized in the presence of 30 M deacylated tRNA fMet gave a low level of noncognate tRNA binding to the A site. Binding of deacylated tRNA fMet to the A site of smD ribosomes was observed to be Ϸ50%. For comparison, WT T. thermophilus ribosomes bound deacylated tRNA fMet in the A site to a similar extent when stabilized in the presence of just 1 M tRNA fMet (31), concentrations at which noncognate tRNA binding is not observed in the smD E. coli ribosome crystals (data not shown). Thus, the low level of noncognate tRNA bound in the A site is consistent with the hyper-accurate nature of the smD ribosomes. The positions of the A-site and P-site tRNAs in the smD E. coli ribosome structure are indistinguishable, at a resolution of 9 Å, from the positions of A-site and P-site tRNAs in the structure of the T. thermophilus ribosome (18) and the positions of tRNA fragments poised for the peptidyl transfer reaction in the atomicresolution structure of the 50S subunit (32) .
Taken together, these observations suggest that the smD E. coli ribosome structure contains a correctly positioned P-site tRNA and the accommodated state of A-site tRNA on the ribosome (1), similar to the 7-Å structure of the T. thermophilus 70S ribosome and the 30S ribosomal subunit structures (10, 18) . In contrast to the T. thermophilus ribosome structures (18) , the L1 stalk in the E. coli ribosome structures is rotated away from the central protuberance of the large subunit, similar to the conformation seen in the structure of the Deinococcus radiodurans 50S subunit (23) (Fig. 2a) .
The small subunits from the intact ribosome structures were superimposed with either the open or closed conformations of the isolated 30S subunit by using a subset of phosphorus atoms previously shown to be constant in their relative position in the two states (10) . In all three structures of the intact ribosome, the head of the small subunit tilts 5-8 Å toward the central protuberance of the large subunit when compared with the position of the head in the open subunit conformation (Fig. 2 b-e) . The tilting is in the same direction as seen in the closing of the isolated 30S subunit structure (9, 10), yet is greater in magnitude. Thus in the intact ribosome, the small subunit adopts a more closed conformation than observed in any of the isolated 30S subunit structures (9, 10) . In contrast, the body of the small subunit in all three 70S ribosome structures exists in an open conformation, similar to that observed in the open conformation of isolated 30S subunits (Fig. 2 b-e) . Comparisons of the small subunits within the E. coli 70S ribosome structures do not reveal any significant differences at the present resolution (data not shown).
Conformation of the Switch Helix. The molecular replacement models used to solve the x-ray crystal structures of the WT and smD E. coli ribosomes presented here (Table 1) all contain the 30S subunit with the switch helix in its error-prone conformation, as observed in all of the previous x-ray crystal structures of the 30S subunit and 70S ribosome (8) (9) (10) 18) . We therefore examined difference electron density maps to determine whether the switch helix adopts a different conformation in the smD ribosome, as predicted by the switch hypothesis.
Difference electron density maps comparing the WT and smD ribosome structures show positive electron density indicating the presence of tRNAs bound to the A and P sites of the smD ribosome (Fig. 3a) but do not reveal any differences between WT and smD ribosomes in the switch helix region (Fig. 3b) . A difference electron density map calculated from a model of the smD ribosome refined without including mRNA and tRNAs reveals sharper features of the mRNA and P-site tRNA, including single-stranded stretches in the mRNA and P-site tRNA 3Ј end, yet does not contain any differences in the switch helix region relative to the input model (Fig. 3 c and d) . Thus, both the WT and smD E. coli ribosome x-ray crystal structures contain the switch helix in its error-prone base-pairing configuration.
We confirmed that streptomycin is not bound to the smD ribosome in the crystal structure by adding or removing streptomycin from the molecular replacement model. Difference electron density maps generated by using a model that included streptomycin throughout the structure refinement show clear negative electron density in the streptomycin binding pocket (8) .
In contrast, models that did not include the antibiotic show no discernable difference electron density in the streptomycin binding site (Fig. 3e) . The absence of streptomycin from the smD ribosome preparations was verified by chemical probing experiments that revealed changes in base protection patterns consistent with the smD mutation and the absence of the antibiotic (data not shown) (5, 33) . P-site tRNA binding experiments confirmed the smD phenotype and showed decreased P-site Fig. 3 . Conformation of the 70S ribosome in the switch helix region. (a) Difference electron density map comparing WT and smD 70S ribosomes from E. coli. The difference map was calculated by using observed diffraction amplitudes from both crystal forms, as described in Materials and Methods. The smD ribosomes contain mRNA, P-site tRNA fMet (P-tRNA, Upper Right) and noncognate A-site tRNA fMet at 50% occupancy (A-tRNA, Lower Right). (Left) A top view of the ribosome is shown with the A site, P site, and E site indicated to the left of the small subunit. The tRNAs are viewed from the perspective of the E site, as indicated by the arrow. The color scheme of the ribosome complex is the same as in Fig. 1. (b) The same difference electron density map in the switch helix region. (c) Difference electron density map comparing the smD 70S ribosome complex to a model lacking ligands throughout refinement. The positive electron density corresponds to P-site tRNA and mRNA bound to the ribosome. The perspective is the same as in a. (d) The same difference electron density map in the switch helix region. (e) Difference electron density map comparing the smD 70S ribosome complex to a ribosome model that contained streptomycin throughout refinement. The streptomycin binding pocket (sm) is shown. Positive electron density (blue, left) appeared after refinements of the model both in the absence and presence of the antibiotic, whereas negative density appeared only when streptomycin was included in the model. In all panels, difference electron density is contoured at 3.0 and Ϫ3.0 SDs from the mean (blue and red, respectively).
tRNA binding in the presence of streptomycin (data not shown) (34) . The fact that a small molecule like streptomycin can be distinguished in difference electron density maps of the ribosome at 9-to 10-Å resolution further supports the conclusion that the E. coli ribosome contains the switch helix in its errorprone base-pairing configuration in the x-ray crystal structures.
To rule out the possibility that crystal packing influenced the conformation of the switch helix, we used chemical probing with kethoxal and dimethyl sulfate (DMS) to determine the basepairing of the switch helix in various steps of mRNA decoding. In addition to unliganded ribosomes and ribosomes in a complex with mRNA and P-site tRNA, we probed ribosome complexes stopped at the codon recognition step of decoding and ribosomes with accommodated A-site tRNA (1, 4, 30) . In all of these states, the switch helix was observed to be in the error-prone base-pairing configuration (Fig. 4) . Although it is possible that helical switching might occur transiently after GTP hydrolysis by EF-Tu, but before aa-tRNA accommodation into the A site, the helix would then have to switch twice during the process, from error-prone to hyper-accurate and then back to error-prone, to be consistent with the chemical probing results.
Discussion
Based on the x-ray crystal structures of the E. coli ribosome presented here and structures of the T. thermophilus 70S ribosome (18) and 30S subunit (10) , conformational changes in the small subunit responsible for mRNA decoding might be limited to the body of the small subunit. According to this model (10) , closing of the body of the small subunit is coupled energetically to the positioning of G530 and A1492-A1493, nucleotides that directly interact with the A-site mRNA codon and tRNA anticodon during tRNA discrimination (10) (Fig. 1) . On the other hand, closing of the head of the small subunit accompanies formation of the intact ribosome from the two subunits, rather than mRNA decoding.
It is possible that rearrangements in the head that are coupled to mRNA decoding may be too subtle to detect at a resolution of 9 Å. Alternatively, the head of the small subunit may close even further than observed in the 70S ribosome crystal structures when cognate tRNA binds to the A site. However, several aspects of the structures presented here support the hypothesis that closing of the small subunit head depends solely on the formation of the 70S ribosome. First, tilting of the head toward the 50S subunit is independent of mRNA and P-site tRNA binding, because the structure of the unliganded WT E. coli ribosome adopts a similar conformation to those of the smD E. coli ribosome and T. thermophilus ribosome, both of which contain mRNA and P-site tRNA (not shown). The closing is also independent of tRNA binding to the E site and the position of the L1 stalk. In the E. coli ribosome structures, no tRNA is bound in the E site and the L1 stalk is in an open conformation (Fig.  2a) , similar to that observed in the structure of the 50S subunit from D. radiodurans (23) . In the T. thermophilus 70S ribosome structures, tRNA is bound in the E site and the L1 stalk is rotated toward the central protuberance (18) (Fig. 2a) . The orientation of the head is also independent of crystal packing, given that E. coli ribosomes and the T. thermophilus ribosome crystallized in different packing arrangements.
Finally, the tilting of the small subunit head occurs independently of cognate tRNA binding in the A site, because the three 70S structures either contain noncognate tRNA bound to the A site or have an empty A site. It is worth noting that during protein synthesis binding of tRNA to the A site occurs only in the context of the intact 70S ribosome, because initiation protein IF1 blocks access to the A site during initiation (35) . It is therefore possible that closure of the head observed in the isolated 30S subunit structures upon cognate tRNA binding (10) makes these structures more similar to that expected for the 70S ribosome. Interestingly, all three structures of the 70S ribosome have an open conformation of the small subunit body (Fig. 2 d and e) . Thus, the structures are consistent with the model that opening and closing of the small subunit body contributes to mRNA decoding (10) . Structures of the intact ribosome with cognate tRNA bound in the A site may shed more light on movements within the small subunit that are coupled to mRNA decoding.
Biochemical and genetic evidence has implicated components of the head of the small subunit in formation of the 70S ribosome (36) and in mRNA decoding (6, 7, 14) . Chemical modifications in the head that inhibit subunit association (36) are likely caused by indirect effects, because there are no direct contacts between the small and large subunits in the modified region in the x-ray crystal structures of the intact ribosome (ref. 18 and this work). However, it is unclear at present how these observations correlate to movement of the head during the decoding process (2). Cryo-electron microscopy (EM) reconstructions of different steps of mRNA and tRNA translocation have revealed lateral movements of the head relative to the large subunit. However, because of the limitations in the resolution of the reconstructions (37), it is not clear whether the head is tilted toward the large subunit to a lesser or greater extent than in the x-ray crystal structures. Cryo-EM reconstructions of initiation complexes (38) implicate closing of the head of the small subunit in the correct positioning the start codon. Further structural characterization of competent initiation complexes (39) will be required to verify the importance of the observed closing during initiation.
The switch helix does not seem to change base-pairing during mRNA decoding, suggesting that the proposed 3-bp switch (Fig.  1c) does not occur during protein synthesis. On the other hand, the helical switch might in other steps of translation. One possibility is that the switch helix functions in the initiation of protein synthesis. The conformations of the 30S and 40S small 
